In this work we report on the observation of surface plasmon properties of periodic arrays of gold nanoring trimers fabricated by electron beam lithography. It is shown that the localized surface plasmon resonances of such gold ring trimers occur in the infrared spectral region and are strongly influenced by the nanoring geometry and their relative positions. Based on numerical simulations of the optical extinction spectra and of the electric near-field intensity maps, the resonances are assigned to surface plasmon states arising from the strong intra-trimer electromagnetic interaction. We show that the nanoring trimer configuration allows for generating infrared surface plasmon resonances associated with strongly localized electromagnetic energy, thus providing plasmonic nanoresonators well-suited for sensing and surface enhanced near-infrared Raman spectroscopy. 
Introduction
The patterning of metallic nanostructures has recently attracted considerable attention in the areas of photonics, electronics, and biosensing [1] [2] [3] [4] [5] . Majority of research work is focused on the fabrication of well-controllable and highly-ordered noble metal nanostructures using advanced top-down lithography techniques. Among various noble metal nanostructures, gold nanorings have shown promising applications in the area of plasmon-induced sensing [6] [7] [8] . The optical properties of gold nanorings fabricated by colloidal lithography exhibit tunable localized surface plasmon resonance (LSPR) in the visible to near-infrared spectral region [6] . The tunability is obtained by changing the ratio of the ring wall thickness to ring outer diameter. This study was complemented by LSPR sensing and recently by surface-enhanced Raman scattering (SERS) [7, 8] .
The closely-spaced nanoshell or nanoparticle arrays are also shown as suitable templates for SERS as well as for surface-enhanced infrared absorption (SEIRA) spectroscopy, where large electromagnetic field enhancements at selective spatial locations can be tuned by controlling the small interparticle distances. In such interacting noble metal nano-objects, the surface plasmon resonances of individual object hybridize and form red-shifted bands in the near-infrared and mid-infrared spectral regions originating from combinations of quadrupolar and dipolar resonances [9] [10] [11] [12] [13] [14] [15] [16] . Exploiting the interaction between metal nanoparticles in complex geometries, like hexamers and heptamers, has led to the concept of plasmonic oligomers with tailored optical properties [17] [18] [19] .
Nanosdisk-based plasmonic oligomers were recently investigated in several works [17] [18] [19] [20] . In a previous work, we investigated the surface plasmon properties of nanodisk trimers [20] and pointed out the effects of interactions between nanodisks within a trimer and between trimers. So far, only few studies address plasmonic oligomers with nanorings as elementary bricks. Because the electromagnetic field is localized around the ring wall, in the case of closely spaced ring oligomers, the hybridization of the surface plasmon resonances is expected to be more pronounced than in equivalent nanodisk based oligomers. In addition, the surface plasmon resonances of nanorings are shifted to the infrared with respect to that of equivalent nanodisks. So, in terms of sensing properties, ring-based oligomers should offer a higher sensitivity together with a greater tunability (ring size and wall thickness in addition to ring separation). Moreover, electromagnetic field enhancement in the near-infrared region achieved with interacting nanorings would also be suitable for surface-enhanced near-infrared absorption. The enhancement of optical scattering signal in such trimers could play an increasingly important role in the field of biological sensing due to complementary vibrational analysis of biomolecules combined with LSPR. The fabrication of nanoring-based oligomers is however very challenging since it requires the control of not only the ring size, shape and location but also of the ring wall which should be as thin as the gap between interacting nanorings for optimum surface plasmon hybridization. Reliable fabrication protocol to control local field enhancement in such complex patterns, absolute quantification and understanding of SERS and LSPR mechanisms are not yet well-explored in the case of trimers comprising gold nanorings.
In this study, we focus on the surface plasmon properties of nanoring based trimers. We have fabricated gold nanoring trimers using electron beam lithography (EBL) technique and studied their surface plasmon properties. In particular, we have obtained nanoring trimers with less than 20 nm ring gap spacing, and outer diameter of rings in the range of 120 -130 nm. The transmission measurements show surface plasmon resonances around 1000, 1560, and 3300 nm. Numerical simulations of the extinction spectra and associated near-field intensity maps are used for the interpretation of the optical experiments. We found that unlike in nanodisk trimers where the two observed surface plasmons resonances are due to intratrimer and inter-trimer interactions [20] , both 1000 and 1560 nm resonances arise from intratrimer interaction. Whereas the 3300 nm resonance is connected with the inter-trimer interaction. Moreover, we report on sensing experiments showing that the nanoring trimers sensitivity to the optical index of the surrounding medium is nearly three times larger than that of nanodisk trimers with comparable size [20] .
Experimental
The nanoring trimers are prepared using EBL and thermal evaporation of a gold layer onto quartz substrates. The square lattice array of rings and ring trimers are prepared over a 100 µm × 100 µm area. To obtain different nanoring geometry (for example, outer diameter of 120 and 130 nm with a fixed ring wall thickness), we have first designed the pattern masks using e-beam resist. In our case, the e-beam resist is ZEP5A (1:3), where ZEP consists of a copolymer of -chloromethacrylate and -methylstyrene. The resist is spun onto the quartz substrates followed by a soft baking at 180 °C for 2 mins. The EBL is performed using an Elinoix ELS 7000 set up at 100 kV. In order to prepare nanorings or ring trimers, we have used 60 pA beam current with a dose of 360 µC/cm 2 . The resist development is done in oxylene for 30 seconds. The patterned templates are then loaded into the evaporation chamber for deposition of a very thin layer of chromium (that improves the structural stability of the pattern) followed by a desired thickness of gold (Cr/Au: 3/25 nm). The lift-off process to realize gold nanopatterns is achieved using dimethyl sulfoxide. Series of scanning electron microscopy (SEM) experiments are performed to obtain optimized thickness and geometry of square-lattice patterned gold nanoring, nanoring dimers, and trimers. The processing conditions are tuned to achieve nearly touching rings or closely-spaced rings within the trimer geometry.
The optical properties of these 2D arrays of gold nanoring trimers are studied by microscopic transmission and reflection measurements. The incident light is unpolarized and the spectra are collected using a CRAIC micro-spectrophotometer where light transmitted by the nanoring trimers is dispersed to the spectrometer through a 36X long distance microscope objective with 0.5 numerical aperture. The probed area is around 250 µm 2 spot and the number of probed nano-objects is about 1600 in the case of ring trimers with a 400 nm pitch.
The transmission data are normalized with respect to spectra acquired only from the quartz substrate. The LSPR wavelengths showed no dependence on the probed point of the 100 µm × 100 µm area except at the boundaries of this area. All sensing measurements were performed at the center of this area where the trimers showed a good uniformity. For LSPR sensing experiments, we have carried out transmission measurements on our gold ring trimers by varying the refractive index of the surrounding medium.
Results and discussion
Before forming ring trimers, we have optimized the fabrication of individual nanorings as well as ring dimers with different periodicity in a square lattice format. Figures 1a and 1b show SEM images of individual gold nanorings with different outer diameters (120 ± 5 nm and 130 ± 5 nm) but with a similar ring wall thickness of about 33 nm. The ring height is about 24 ± 2 nm, which is confirmed by the atomic force microscopy measurements ( Fig. 1c  and 1d) ; the separation pitch between individual rings is about 240 nm. The corresponding optical density spectra of nanorings, deduced as log (1/T) (T being the transmission), are shown in Fig. 2 . The spectra reveal a strong optical resonance in the nearinfrared spectral region, whose wavelength red-shifts with increasing ring dimensions. In order to determine the influence of the ring characteristics we have calculated the extinction cross section of gold nanorings using the Boundary Element Method (BEM) in a full electromagnetic calculation [6, 21] , including retardation effects. The wavelength dependence of the dielectric properties of gold was taken from Johnson and Christy [22] . The ring diameters and wall thicknesses are those determined from the SEM images (Figs. 1a and 1b). Outer and inner diameters are D out = 130 ± 5 nm, D in = 70 ± 5 nm for NR130 and D out = 120 ± 5 nm, D in = 60 ± 5 nm for NR120. The nanoring is positioned on a quartz substrate and its height is 24 nm including the 3 nm chromium layer at the ring/substrate interface. We found that this Cr layer is responsible for about 15% of the homogeneous width of the LSPR. Figure  2 shows the optical spectra calculated using the BEM in the transmission configuration, i.e. with the incident electric field polarization parallel to the ring plane. The surface plasmon resonance in the simulated spectra (Figs. 2a and 2b) is due to the coupling between the inner and outer walls of the nanoring. This peak corresponds to a symmetric distribution of the surface polarization charges on the ring walls [6] . Its wavelength strongly depends on the ring size. Experimentally, we observe a strong extinction peak in the near-infrared spectral region (black line in Fig. 2 ) whose wavelength is comparable to the one of the simulated symmetric LSPR (blue lines in Fig. 2 ). In addition, we observe that, as the wall thickness to ring diameter ratio decreases (from sample NR120 to NR130), the resonance red-shifts in agreement with the simulations. This is due to a stronger interaction between the inner and outer walls of the ring [6] . Nevertheless, one can notice that the wavelengths of the simulated extinction peaks are underestimated with respect to the measured ones: 165 nm and 207 nm differences for NR120 and NR130, respectively. It is interesting to understand the origin of this discrepancy, which is around 18.5% for NR120 and 21.2% for NR130 in terms of percentages of the measured resonance wavelengths. Slight distortion of the nanoring to ellipsoidal shape could not completely explain that difference. Indeed, the simulations showed that a small ellipsoidal distortion only increases the resonance linewidth due to degeneracy removal of the folded anti-symmetric surface plasmon modes. In addition, SEM showed no evidence for ellipsoidal distortion of the e-beam lithographied nanorings (Fig. 1a  and 1b) . However, from the AFM imaging (Fig. 1c) and profiles (Fig. 1d) , one can notice that the rings are not ideally flat on top, as those assumed in the previous simulations, but rather exhibit a rounded shape. Therefore, we have simulated the extinction spectra of nanorings assuming a rounded shape resembling the one revealed by AFM (Fig. 1c) . Figure 2 shows the results for nanorings NR120 and NR130 with the same diameters and size of the ring wall but also considering a rounded shape on top (dashed and full lines in Fig.  2 ). We found that this shape effect is responsible for a red shift of the surface plasmon resonance by about 121 nm and 133 nm, with respect to the case of ideal nanorings with squared shape on top (dotted lines in Fig. 2 ), for NR120 and NR130 respectively. Taking into account this shape effect reduces the discrepancy with the experimental resonance wavelengths to 5% and 8% for NR120 and NR130, respectively, stressing the importance of fine geometrical features in the final resonance position. Furthermore, as one can notice from the AFM and SEM images (Fig. 1) , the surface of the nanorings exhibits some roughness and defects, which may also affect the LSPR. In addition, a fluctuation of ±3 nm of the ring wall is responsible for ±10.5 nm shift of the surface plasmon wavelength that might explain the small difference between the simulated and measured extinction peak wavelength and linewidth (i.e., inhomogeneous broadening).
In the previous section, we have demonstrated that not only the ring diameter and ring wall thickness, but also the ring shape significantly affects the surface plasmon resonance wavelength. This is important for the understanding of the optical properties of more complex ring-based systems. We now aim to exploit the surface plasmon hybridization in interacting nanorings for a controlled engineering of the optical properties at the nanoscale. To do so, it is necessary to optimize and have a precise control over the positions between nano-objects. In order to create ring trimers with a specific gap between individual rings, we have first optimized the positions of the top two rings in terms of closely-spaced dimers. With an optimized fabrication condition, we could control the spacing between rings as small as 10 nm. Figure 3a (top) shows the SEM imaging of ring dimers with variable gaps. The fabrication protocol of such dimers allowed us to form ring trimers of variable geometry (see bottom SEM images in Fig. 3 ). With our optimized process conditions, we were able to fabricate ring trimers with 400 nm (Figs. 3c, 3d ) and 1000 nm (Fig. 3b) spacing between the centers of the trimers in a square lattice pattern with a good uniformity over the 100 µm x 100 µm area. The outer diameter of the top two rings is 10 nm smaller than that of the bottom ring. This allowed us to form heterotrimers, where the average spacing between the top two rings within a trimer is around 15 nm, for the case of trimers with a 400 nm pitch. For trimers with larger periodicity (1000 nm pitch, Fig. 3b ), we can form uniform patterns with nanorings of nearly same outer diameter and gaps. In that case, the average spacing between the top two rings within a trimer was measured to be less than 18 nm. Figure 4 shows typical transmission spectra of the gold ring trimers with 400 nm pitch. We have produced two types of trimer configurations, depending on whether the bottom ring outer diameter is larger or smaller than that of the top two rings (SEM shown in inset of Fig.  4) . First, instead of the single resonance found at around 900 nm (Fig. 2 ) in isolated nanorings, two extinction bands are detected for the trimers (Fig. 4) . The bands are separated by several hundreds of nanometers (523 nm and 610 nm for the two cases considered in Fig.  4 ). This point out the importance of exploiting the interaction between nano-objects in order to generate additional spectral features that may be useful for applications. Second, we show that the engineering of the optical properties of these complex nanoring-based trimers can be performed owing to a precise control of the interaction configuration. Indeed, for the case of heterotrimers with bottom ring outer diameter of about 120 ± 5 nm and top two rings of a comparatively smaller diameter 110 ± 5 nm, we could see extinction bands at 942 nm and 1465 nm while in the reverse case, where we have a smaller bottom ring outer diameter of 110 ± 5 nm and top two rings of higher diameter 120 ± 5 nm, the bands are shifted to 1040 nm and 1650 nm. Due to limitation of our micro-spectrophotometer, we could only record spectral signal up to 1700 nm. However, the spectra clearly depict the wavelength dependence of the observed extinction bands on the relative diameters of the two top and bottom rings. The transmission (1-R) spectrum of nanoring trimers normalized to that of the spectrum of a 30 nm thick gold layer on quartz. The spectra obtained with a micro-FTIR set up reveals a clear dip around 3300 nm, which we tentatively attribute to the resonance related to the interaction between neighboring trimers.
It must be kept in mind that, in our fabrication protocol, a very thin Cr layer (3 nm) on top of the quartz substrate was used to improve the structural stability of the nanoring trimers. However, this interfacial layer weakens the transmission and somehow compromises the sharpness of the trimer LSPR as deduced from the simulations. Moreover, one can compare the linewidth of the LSPRs in Fig. 2 (rings) and in Fig. 4 (trimers) and can notice the increase of broadening due to interaction between the rings within the trimers. This observation is similar to that recently reported by Wustholz et al. [23] for dimers and trimers of Au/SiO 2 core-shell spherical nanoparticles.
Since ring trimers are relatively close in our samples (400 nm pitch), electromagnetic interaction between neighboring trimers should be present and could lead to observations of additional resonances at higher wavelengths. To check the possible presence of such resonance we have performed micro-FTIR reflectance measurements of the nanoring trimers. The transmission (1-R) spectrum of nanoring trimers is plotted in Fig. 4 . We have normalized the spectrum to that of a 30 nm thick gold layer on quartz. The spectrum reveals a clear dip around 3300 nm, which we tentatively attribute to the resonance related to the interaction between neighboring trimers [20] . As a matter of fact, no similar spectral feature was observed in the case of isolated ring trimers (shown in Fig. 3b) certainly because of the large separation between trimers (1 µm).
It is worthwhile to mention that we observed no sharp Bragg diffraction peak in the transmission spectra of our samples, as the one reported by Auguié and Barnes [24] . Such a spectral feature is the signature of long-range diffractive coupling between nano-objects. The reason for the absence of such effect in the spectra of Figs. 2 and 4 lies in the rather small period (400 nm) of our nanostructures as compared to the LSPR wavelengths. In the case of Auguié and Barnes [24] , the periodicity was slightly higher and the particles were immersed in a matching index fluid thus allowing for Bragg diffraction to occur.
To get more insight in the nature of the surface plasmons in ring trimers, we have calculated the extinction spectra and the electric near-field intensity maps associated to the main optical resonances of this complex nano-pattern. To achieve this analysis we have used the Green dyadic method because of the low-symmetry of the ring trimer. This method has been used for the modeling of the surface plasmon properties of a variety of metal nanostructures [25] . The wavelength dependent dielectric susceptibility of gold has been taken from Johnson and Christy [22] . The Calculations were performed for the case of bottom ring outer diameter of 120 nm and top two rings of a smaller diameter 110 nm (measured extinction spectra are shown in Fig. 4) . The rings have a rounded shape on top. The quartz substrate is taken into account in the calculations. To apply Green dyadic method to this complex geometry, the trimer has been meshed in volume units expanded on a hexagonal lattice with 5 nm step size. As it can be observed in the SEM images of Fig. 3 , different configurations of trimers can be present, in the same processed area, and correspond to different separations of the top two rings with respect to the bottom ring. In order to take into account this experimental inhomogeneity, we have considered three situations: a bottom ring which is either separated from (5 nm distance between the ring top surfaces), touching (0 nm distance) or overlapping (10 nm overlap between the ring top surfaces) with two identical top rings separated by 15 nm. The simulation results are shown in Fig. 5 .
First, one can notice that the agreement between the measured (942 nm in Fig. 4 ) and calculated (around 900 nm in Fig. 5 ) wavelengths of the near-infrared extinction band is satisfactory. In the simulations, this band appears as composed of at least two peaks with relative intensities influenced by the spatial arrangement of the rings. According to the electric near-field intensity maps (Fig. 5) , computed at 850 nm, the surface plasmon field distribution strongly depends on the rings arrangement: it is confined in the gap region between the two top rings for the overlapping situation; whereas it is localized around the center of the top two rings mainly, for the touching and spacing situations. These observations are consistent with the calculations reported for nearly touching metallic nanospheres, nanoshells and nanorods [26] [27] [28] . Second, the infrared extinction band observed around 1465 nm (in Fig. 4 ) comes out in the calculated spectra around 1350 nm (average spectrum in Fig.  5) ; it is also due to strong intra-trimer electromagnetic coupling between the nanorings. From the simulated spectra (Fig. 5) , this band consists of two main surface plasmon resonances with relative strengths depending on the considered interaction configuration. A change of 5 nm in the separation between the top two rings and the bottom ring causes the infrared resonances to shift by several tens of nanometers. Such a change in the interparticle spacing is of the order of the e-beam lithography resolution and strongly impacts the far field extinction spectra. Therefore, comparison between experiments and theory requires averaging of the optical spectra on the different configurations (as shown in Fig. 5 ). The spatial distribution of the electric field intensity around the rings (Fig. 5 ) changes with the spacing between the top two rings and the bottom ring. For instance, the electric near-field generated at 1250 nm for the spacing configuration is confined in the gap region between the top two rings; whereas for the touching and overlapping configurations it is mainly localized on the outer edges of the top two rings. Clearly, the arrangement of the nanorings in trimers strongly impacts the wavelength and strength of the LSPR observed in the infrared spectral range, thus providing an additional degree of freedom for tailoring the optical properties of plasmonic nanosensors. Moreover, a remarkable advantage of the trimer structure is that it provides a resonance in the infrared spectral range while preserving a high localization of the electromagnetic near-field (Fig. 5) . Similar red-shifts could be obtained with elongated objects such as nanorods, but the associated electric near-field intensity is rather delocalized over the nanorod length [27] . That could be a serious limitation of nanorod based plasmonic sensors in terms of minimum number of adsorbed molecules yielding a detectable shift of the LSPR. On the contrary, in our case, the electric field is highly localized in the gap region between nano-objects. As a consequence, the detection limit should be improved using nanoring trimers which combine infrared surface plasmon resonances and strong localization of the associated electromagnetic field. In addition, the inter-trimer interaction could provide an additional strong infrared resonance suitable for surfaceenhanced infrared absorption spectroscopy.
Next, we address the sensing properties of the nanoring trimers. We have studied the dependence of the LSPR on the refractive index of the medium surrounding the trimers. The trimers were fully covered with about 100 micro-litre of solvents for chemical sensing experiments. Figure 6a shows the spectra of ring trimers (bottom ring: 120 nm diameter) in air and in pure ethanol (n = 1.398). It can be clearly observed how both LSPR shift to higher wavelengths when changing to an optically denser coating medium. Organic solvents of different refractive indices (acetone -1.355, ethanol -1.398, and toluene -1.494) were chosen for the sensing experiments. The wavelength of the near-infrared LSPR is plotted in Fig. 6b as a function of the coating medium refractive index. The resonance wavelength redshifts and scales almost linearly with the surrounding bulk refractive index unit (RIU). From a linear fit to the experimental data, we obtain an experimental sensitivity of the gold ring trimers of 345 ± 10 nm/RIU for the short-wavelength LSPR. An even much larger sensitivity can be predicted for the observed absorption peak in the mid-infrared region (1600 nm), which originates from the interactions between the rings within the trimers. Owing to the spectral limitation of the micro-spectrophotometer, we could not track the resonance of the long-wavelength surface plasmon resonance for all the coating media. However, we can compare the relative positions of the two LSPR for ethanol coating (Fig. 6a) . The shadowed areas highlight the wavelength shift for the two resonances when changing the surrounding environment. As it can be seen, the shift is much larger for the longer wavelength infrared resonance (Δλ = 187 nm) than for the near infrared resonance (Δλ = 129 nm). This represents 45% increase in the sensitivity and could be useful for surface plasmon sensing applications. The sensitivity of the near-infrared SPR to the optical index of the coating medium (345 nm/RIU) here obtained for nanoring trimers is 2.65 times larger than that reported recently for nanodisk trimers with comparable size (127 nm nanodisk diameter) [20] . Indeed, the sensitivity of the LSPR associated with isolated nanodisk trimers was determined to be 130.3 nm/RIU [20] . Moreover, the surface plasmon properties of heptamers formed by interacting nanodisks have recently investigated [19] . In that study, Fano resonances, due to interferences between bright and dark plasmons, were observed and their sensitivity to the optical index of the coating medium studied. The sensitivity of the Fano dip was determined to be 300 nm/RIU which is slightly below our 345 nm/RIU obtained for the lower LSPR resonance wavelength in nanoring trimers.
Conclusions
In summary, we have fabricated gold nanoring trimers to tune the LSPR to the infrared spectral region while preserving a high localization of the electromagnetic energy. These nanostructured templates can be used as substrates for near-infrared SERS, surface-enhanced infrared absorption spectroscopy, and simultaneous LSPR sensing. We have shown here that the resonance wavelengths of gold ring trimers are influenced by the ring geometry and their spacing providing a flexible tool to tune and control the spectral properties on demand. Furthermore, the sensing properties of such nanostructures to the bulk refractive index changes of environments have been also investigated. The sensitivity of the nanoring trimer SPR to the optical index of the surrounding medium was found to be much larger than that reported for nanodisk trimers [20] and comparable to that of nanodisk heptamers [19] .
